The Runt domain transcription factor AML1/RUNX1 is essential for the generation of hematopoietic stem cells and is the most frequent target of chromosomal translocations associated with leukemia. Here, we present a new AML1 translocation found in a patient with acute myeloid leukemia M4 with t(8;21)(q24;q22) at the time of relapse. This translocation generated an in-frame chimeric gene consisting of the N-terminal portion of AML1, retaining the Runt domain, fused to the entire length of TRPS1 on the C-terminus. TRPS1 encodes a putative multitype zinc finger (ZF) protein containing 9 C2H2 type ZFs and 1 GATA type ZF. AML1-TRPS1 stimulated proliferation of hematopoietic colony-forming cells and repressed the transcriptional activity of AML1 and GATA-1 by 2 different mechanisms: com-Introduction AML1/RUNX1 encodes the DNA-binding ␣ subunit of the heterodimeric transcription factor PEBP2/CBF, which interacts with the partner ␤ subunit (PEBP2␤/CBF␤) through its evolutionarily conserved Runt domain. 1 AML1 is one of the most frequently mutated genes in human leukemia, [2] [3] [4] and was originally identified as a gene on chromosome 21 involved in t(8;21)(q22:q22). 5 To date, 11 AML1-related translocations are known that produce chimeric proteins such as AML1-MTG8/ETO in t(8;21), AML1-EVI1 in t (3;21) , and TEL-AML1 in t(12;21). 2, 6, 7 All these AML1 chimeric proteins retain the Runt domain and inhibit transcriptional activity of wild-type AML1 in a dominant-negative manner. [2] [3] [4] However, the functional contributions of partner moieties in leukemogenesis remain largely undetermined. Here, we report a new AML1 translocation, t(8;21)(q24;q22), in a patient with acute myeloid leukemia (AML), and present results from functional analyses of the chimeric protein AML1-TRPS1.
Patient, materials, and methods

Patient profile
A 56-year-old Japanese man was diagnosed with AML M4 with a normal karyotype in October 1997. He was treated with idarubicin and cytarabine, followed by postremission therapy according to the Japan Adult Leukemia Study Group (JALSG) AML97. 8 In July 1999, his marrow showed 55.6% blasts with t(8;21)(q24;q22) at relapse. Bone marrow cells at diagnosis and relapse showed the similar morphology and immunophenotypes positive for CD13, CD33, CD4, and HLA-DR, but negative for CD34, which were consistent with AML M4. 9 The study was approved by the Institutional Review Board of Kumamoto University School of Medicine, Japan, and informed consent was obtained from the patient, according to the Declaration of Helsinki.
Molecular cloning
The fusion partner gene was cloned by long-distance 3Ј rapid amplification of cDNA ends (RACE) using the SMART RACE kit (Clontech Labs, Mountain View, CA).
Plasmid constructions
The cloned fusion gene AML1-TRPS1 was inserted into the pEF-Bos expression plasmid 10 or MIG retroviral vector. 11 Mutant constructs were generated by polymerase chain reaction (PCR)-based site-directed mutagenesis.
EMSA
Electrophoretic mobility shift assays (EMSAs) were performed using biotin-labeled probes containing the AML1 12 or GATA factor-binding sites. 13 The specificity of the probes are shown in Figure S1 , available on the Blood website (see the Supplemental Figure link at the top of the online article). Whole-cell extracts of COS7 cells (1 ϫ 10 6 ) transfected with pEF-Bos expression vectors were subjected to the assay.
Transcription assay
The luciferase reporter constructs pBXH2-LTR-luc and pRBGP3-M␣P were used to assay the transcriptional activities mediated by AML1 and GATA-1, respectively. pBXH2-LTR-luc contains the long terminal repeat (LTR) of the BXH2 retrovirus 11 that includes a functional AML1 site, while For personal use only. at SUNY AT STONY BROOK on November 14, 2008. www.bloodjournal.org From the mouse ␣-1 globin gene promoter in pRBGP3-M␣P 14 contains a functional GATA site. The specificity of AML1 and GATA site-dependent activation of each reporter is shown in Figure S2 .
Retroviral transduction and CFU-C assay
Retroviral transduction, sorting by FACS Vantage (Becton Dickinson, San Jose, CA), and colony-forming unit-culture (CFU-C) assay were performed as previously described. 11
Immunoprecipitation
Immunoprecipitation of FLAG-tagged fusion proteins was performed according to the manufacturer's protocol (Sigma, St Louis, MO).
Results and discussion
Spectral karyotyping of the marrow cells at relapse confirmed a balanced translocation between chromosomes 8 and 21 ( Figure  1A ). Fluorescence in situ hybridization using cosmid clones containing the AML1 gene showed that this late-appearing translocation involved the AML1 gene ( Figure 1B ). 15 We cloned the fusion partner gene with AML1 exon 6 by using 3Ј RACE ( Figure 1C ).
The t(8;21)(q24;q22) generated an in-frame chimeric gene that encoded a fusion protein consisting of the N-terminal portion of AML1, retaining the Runt domain but lacking its C-terminal transactivation domain, fused to the entire TRPS1/GC79 ( Figure  1D ). TRPS1 on chromosome 8q24.1 encodes a nuclear transcription factor with 10 zinc finger (ZF) domains, including a single GATA-type ZF. 13, 16, 17 The gene is widely expressed in human tissues, including prostate, testis, ovary, kidney, lung, mammary gland, and hematopoietic cells. 16, 17 TRPS1 has been identified as a disease gene for tricho-rhino-phalangeal syndrome (TRPS) type I and type III (MIM190350 and MIM190351), which is a dominantly inherited disease characterized by craniofacial and skeletal abnormalities. 16 To investigate whether the fusion gene AML1-TRPS1 affects proliferation and differentiation of hematopoietic cells, we introduced AML1-TRPS1 into mouse fetal liver cells and carried out a CFU-C assay ( Figure 1E-F) . As shown in Figure 1G , AML1-TRPS1 transfectants gave rise to a higher number of colonies than did the control transfectants, indicating that AML1-TRPS1 stimulated the proliferation of immature hematopoietic cells.
Since AML1-TRPS1 contains the Runt and GATA ZF domains, we evaluated the DNA-binding ability of AML1-TRPS1 to both EGFP-positive cells were sorted and subjected to the CFU-C assay, supplemented with interleukin-3, stem cell factor, erythropoietin, and granulocyte colony-stimulating factor, as described previously. 11 (G) The number of all kinds of colony (total), granulocyte-macrophage (GM), and macrophage (M) are shown. Error bars indicate standard deviations for 3 independent experiments. Differences between AML1-TRPS1 (AT) and control (mock) transfectants were statistically significant (*P Ͻ .001, unpaired student t test) in all 3 categories.
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For personal use only. at SUNY AT STONY BROOK on November 14, 2008. www.bloodjournal.org From AML1 and GATA sites. AML1-TRPS1 bound to the AML1 site and showed heterodimerization activity with the PEBP2␤ subunit (Figure 2A ). AML1-TRPS1 also showed DNA-binding to the GATA site ( Figure 2B ). However, it did not form a heterodimer with the ␤ subunit at this site. It is interesting to note that AML1-TRPS1 shifted as a doublet of bands with the GATA probe, and the upper band (arrowhead in Figure 2B ) was much slower than that of AML1-TRPS1/PEBP2␤ complex bound to the AML1 probe (right end lane). Since the Ikaros-like ZF in the C-terminal TRPS1 moiety is known to serve as a domain to form homo-or heterodimers of factors containing this motif, 18 the slower migrating band might indicate the formation of homodimer by AML1-TRPS1. In fact, the deletion of the Ikaros-like ZF resulted in a significant decrease in the intensity of the upper band, accompanied by an increase in that of the lower band ( Figure 2C) .
To assess the effect of AML1-TRPS1 on transcription, we next performed a reporter assay. While AML1 and GATA-1 activated BXH2-LTR and M␣P reporters, respectively, AML1-TRPS1 inhibited transactivation activity of both AML1 and GATA-1 in a dose-dependent manner (Figure 2E-F; bars 3-5) . AT/R174Q has an amino acid substitution in the Runt domain and resulted in the loss of AML1 site-binding activity (Figure 2A) . 19 AT/R174Q showed reduced ability to suppress wild-type AML1 in cotransfection assays ( Figure 2E ; bars 6-8 vs 3-5), suggesting that AML1-TRPS1 Mutant constructs of AML1-TRPS1 were generated by PCR-based mutagenesis, using the following primers: AT/R174Q, 5Ј-gtggatgggccccaagaacctcgaagaca-3Ј; and AT/GATAm, 5Ј-ggatatgtaggcaacgcgggtggcctctacc -3Ј. (C) AML1-TRPS1 seems to form a homodimer through the Ikaros-like ZF domain. The deletion of Ikaros-like ZF (AT/⌬IKAROS) resulted in a decrease in the upper band (arrowhead), which might indicate the homodimer of AML1-TRPS1, and an increase in the lower band (AT, AML1-TRPS1 monomer). The AT/⌬IKAROS mutant was made by PCR-based mutagenesis using 5Ј-gaagtactcaagatgaactttcaacataatgtgrgcactgtggc-3Ј as a primer. (D) A fixed amount of GATA-1 (1 U) and increasing relative amounts (0.15, 0.3 and 0.6 U) of AML1-TRPS1 were subjected to EMSA. Relative amounts of expressed proteins were evaluated by Western blotting. (E-F) Wild-type AML1, GATA-1, AML1-TRPS1, or its mutants were cotransfected with pBXH2-LTR-luc or pRBGP3-M␣P reporter at varying relative doses, as indicated, into NIH3T3 cells by the nonliposomal transfection reagent FuGENE6 (Roche Applied Science, Basel, Switzerland). Luciferase activities are expressed as fold changes relative to the control transfected with the backbone expression vector alone. The total input of plasmid DNAs was kept constant (0.6 g) by supplementing appropriate amounts of the backbone pEF-Bos plasmid so as to avoid potential artifacts due to uneven overall DNA dosages. Error bars indicate standard deviations for 3 independent experiments. (G) Expression levels of AML1-TRPS1 and its mutants were comparable with each other. COS7 cells were transfected with expression plasmids for the indicated genes, and whole-cell extracts were prepared 48 hours after transfection and subjected to Western blotting using rabbit polyclonal anti-AML1 antibody (Active Motif, Carlsbad, CA). (H-I) The Runt domain of AML1 physically interacted with GATA-1 (H), while GATA ZF of TRPS1 interacted with AML1 (I) in immunoprecipitation (IP) assays. COS7 cells were cotransfected with pEF-Bos expression vectors for FLAG-tagged AML1 (FL-AML1), FLAG-tagged AML1 mutant R174Q (FL-AML1/R174Q), and GATA-1, or FLAG-tagged TRPS1 (FL-TRPS1), FLAG-tagged TRPS1 GATA ZF mutant (FL-TRPS1/GATAm), and AML1, as indicated. Cell lysates were immunoprecipitated using anti-FLAG antibody (M2 monoclonal antibody; Sigma). Immunoprecipitates were detected by immunoblotting (IB) using rat monoclonal anti-GATA1 antibody (N6; Santa Cruz Biotechnology, Santa Cruz, CA), rabbit polyclonal anti-AML1 antibody (Active Motif), or anti-FLAG antibody. (J) AML1-TRPS1 inhibits GATA-2-mediated transcription. GATA-2 and AML1-TRPS1 were cotransfected with M␣P reporter at the indicated doses, into HL-60 cells. Luciferase activity is expressed as fold changes relative to the control. (K) HDAC inhibitor TSA did not greatly affect the repression mediated by intact AML1-TRPS1, but dramatically relieved that of AT/⌬ Ikaros. GATA-1, AML1-TRPS1, or AT/⌬IKAROS were cotransfected into NIH3T3 cells with the M␣P reporter at the indicated doses. Cells were treated with TSA (500 nM) for 36 hours from 12 hours after transfection. Luciferase activity is expressed as fold changes relative to the control. The results represent 3 independent experiments.
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For personal use only. at SUNY AT STONY BROOK on November 14, 2008. www.bloodjournal.org From inhibits wild-type AML1 transactivation through DNA binding of its Runt domain. Likewise, AT/GATAm lost its DNA-binding function for the GATA site ( Figure 2B ) due to changes in 2 amino acids that contribute to its structural integrity, 13 and demonstrated weaker inhibition of wild-type GATA-1 transactivation than did AML1-TRPS1 ( Figure 2F ; bars 9-11 vs 3-5). As the DNA-binding affinity of AML1-TRPS1 was comparable with that of GATA-1 ( Figure 2D ), this competition for GATA-binding sites is considered to play a significant role in transcriptional suppression mediated by AML1-TRPS1. However, these DNA-binding mutants still retained significant repressive activity (compare bars 2, 5, and 8 in Figure 2E and bars 2, 5, and 11 in Figure 2F ), and AT/R174Q and AT/GATAm even showed decreased suppression in the M␣P and BXH2-LTR reporter assays, respectively, in a dose-dependent manner (bars 6-8 in Figure 2F and bars 9-11 in Figure 2E ). Since AML1 is known to physically interact with GATA-1 through its Runt domain, [20] [21] [22] the chimera may also bind to GATA-1. As expected, in an immunoprecipitation experiment, wild-type AML1 interacted with GATA-1, while the AML1 R174Q mutant did not ( Figure 2H ). On the other hand, GATA ZF in GATA-1 is one of the domains responsible for the interaction with the Runt domain. 21 It is therefore plausible that GATA ZF in TRPS1 is also capable of interacting with AML1. Indeed, we demonstrated that wild-type TRPS1 bound to AML1, whereas the GATA ZF mutant of TRPS1 did not ( Figure 2I ). Taken together, we postulate that AML1-TRPS1 compromises AML1 and GATA-1 functions through 2 distinct mechanisms: (1) as a dominant-negative protein competing for their cognate binding sites; and (2) via the physical sequestration of both AML1 and GATA-1 proteins. Collectively, these 2 functions may enable AML1-TRPS1 to simultaneously disrupt AML1 and GATA factor-driven genetic programs. Since AML1-TRPS1 showed the inhibition of GATA-2 mediated transactivation ( Figure 2J ), the inhibitory mechanism may be extended further to other GATA factors.
In an attempt to further investigate the AML1-TRPS1-mediated transcriptional inhibitory mechanism, we carried out a reporter assay in the presence of histone deacetylase (HDAC) inhibitor trichostatin A (TSA). TSA did not affect greatly the repression mediated by intact AML1-TRPS1 ( Figure 2K ; bar 3 vs bar 7), but dramatically relieved that of AT/⌬ Ikaros ( Figure 2K ; bar 4 vs bar 8), suggesting that the dimerization of AML1-TRPS1 through Ikaros-like ZF confers potent recruitment of corepressors such as HDAC. AML1-TRPS1 seems to serve as another example confirming the emerging hypothesis that most of the chimeric proteins possess the property of forming a dimer (or a multimer), thereby leading to aberrant transcriptional regulation. 2, 23 Although there is only 1 additional reported patient with AML with t(8;21)(q24;q22) probably carrying AML1-TRPS1, 6,7 a similar fusion, AML1-FOG2, that represses both AML1-and GATA-1-mediated transactivation, was found in a patient with myelodysplastic syndrome. 24 Moreover, the most pervasive fusion gene in AML, AML1-MTG8, has also been shown to repress GATA-1 function in addition to its dominant-negative effect on AML1. 20, 25 Collectively, the concurrent transcriptional deregulation of AML1 and GATA factors in leukemia seems relatively common. This novel chimeric gene AML1-TRPS1 could serve as a tool for elucidating the details of the interplay between AML1 and GATA factors and its disruption in leukemogenesis.
